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Recent synthetic additions to the visible light
photoredox catalysis toolbox
Ricardo A. Angnes,a Zhou Li,b Carlos Roque D. Correia†a and
Gerald B. Hammond*†b
The boom in visible light photoredox catalysis (VLPC) research has demonstrated that this novel synthetic
approach is here to stay. VLPC enables reactive radical intermediates to be catalytically generated at
ambient temperature, a feat not generally allowed through traditional pyrolysis- or radical initiator-based
methodologies. VLPC has vastly extended the range of substrates and reaction schemes that have been
traditionally the domain of radical reactions. In this review the photophysics background of VLPC will be
briefly discussed, followed by a report on recent inroads of VLPC into decarboxylative couplings and
radical C–H functionalization of aromatic compounds. The bulk of the review will be dedicated to
advances in synergistic catalysis involving VLPC, namely the combination of photoredox catalysis with
organocatalysis, including β-functionalization of carbonyl groups, functionalization of weak aliphatic C–H
bonds, and anti-Markovnikov hydrofunctionalization of alkenes; dual catalysis with gold or with nickel,
photoredox catalysis as an oxidation promoter in transition metal catalysis, and acid-catalyzed enantio-
selective radical addition to π systems.
Introduction
Visible light photoredox catalysis (VLPC) uses visible light as a
renewable energy source to promote chemical transformations
involving electron transfers.1 Photoredox catalysis has received
much attention from the organic synthesis community since
the independent seminal reports from the MacMillan, Yoon,
and Stephenson groups almost a decade ago.2 Novel appli-
cations in the field of green chemistry and dual catalysis have
expanded the synthetic applications of VLPC.3 Several VLPC
reactions, such as the enantioselective α-functionalization of
carbonyl compounds,1,4 [2 + 2] cycloadditions,1,5 and dehalo-
genation reactions,1,6 are already established synthetic tools.
In this review, the photophysics background of VLPC will be
Ricardo A. Angnes
Ricardo Almir Angnes was born
in Toledo, Brazil, in 1991. He
received his B.Tech. degree in
chemical processes from the
Federal University of Technology
– Paraná, Brazil in 2011 and
then moved to University of
Campinas (Unicamp) in Sao
Paulo, Brazil where he obtained
his M.S. degree in organic chem-
istry in 2013 working under the
guidance of professor Carlos
R. D. Correia. He is currently
pursuing his PhD in Professor
Correia’s group. His major research interest is in enantioselective
homogeneous catalysis.
Zhou Li
Zhou Li was born in Nanjing,
China. He received his BSc. in
Chemistry from China Agricul-
tural University in 2008. In
2015, he obtained his PhD
degree in Organic Chemistry
working under the guidance of
Prof. Vladimir Gevorgyan at the
University of Illinois at Chicago.
He is currently a postdoctoral
fellow in Professor Hammond’s
group at the University of Louis-
ville. His research interests
include transition-metal cata-
lyzed transformations and hetero-
cycle synthesis.
†Share senior authorship.
aChemistry Institute, State University of Campinas - Unicamp C.P. 6154, CEP. 13083-
970, Campinas, São Paulo, Brazil
bDepartment of Chemistry, University of Louisville, Louisville, Kentucky 40292, USA.
E-mail: gb.hammond@louisville.edu
9152 | Org. Biomol. Chem., 2015, 13, 9152–9167 This journal is © The Royal Society of Chemistry 2015
Pu
bl
ish
ed
 o
n 
29
 Ju
ly
 2
01
5.
 D
ow
nl
oa
de
d 
by
 U
N
IV
ER
SI
D
A
D
 E
ST
A
D
U
A
L 
D
E 
CA
M
PI
N
A
S 
on
 0
3/
05
/2
01
6 
19
:2
7:
20
. 
View Article Online
View Journal  | View Issue
briefly discussed, followed by recent inroads of VLPC into
other synthetic realms, including decarboxylative couplings
and radical C–H functionalization of aromatic compounds.
The bulk of this review will be dedicated to advances in
synergistic catalysis involving VLPC, namely the combination of
photoredox catalysis with organocatalysis, including
β-functionalization of carbonyl groups, functionalization of
weak aliphatic C–H bonds, and anti-Markovnikov hydrofunctio-
nalization of alkenes; dual catalysis with gold or with nickel,
photoredox catalysis as an oxidation promoter in transition
metal catalysis, and acid-catalyzed enantioselective radical
addition to π systems. Unless otherwise mentioned, all reactions
described herein are performed at room temperature.
Visible light photoredox catalysis (VLPC)
RuII(bpy)3
2+ is among the most common and well-studied
photoredox catalysts. This d6 octahedral complex possesses
several interesting properties. Although its HOMO is centered
on the dt2g orbital of the metal, its LUMO is centered on the π*
orbital of 2,2′-bipyridyl ligands (bpy) instead of the metallic
deg orbital (Scheme 1)
7 as suggested by its UV-Vis spectrum.
An absorption at the longest wavelength 452 nm is attributed
to a dt2g → π* transition, which is the band gap of LUMO and
HOMO. Another absorption at 350 nm is attributed to a dt2g →
deg transition. In addition, π → π* transitions observed at 185,
208 and 285 nm are attributed to the bipyridyl system.8 During
the transition corresponding to the absorption at 452 nm, one
d-electron of the ground state complex is excited onto the π*
orbital of the ligand without flipping its spin. Such process is
termed metal-to-ligand charge transfer (MLCT), and generates
an excited singlet state. This excited singlet undergoes a rapid
intersystem crossing (ISC), and quantitatively transforms itself
into an excited triplet state (Scheme 2).9 The luminescence
quantum yield of the excited triplet state of Ru(bpy)3
2+ in an
organic medium is around 10%.10 This high yielding light-
harvesting step accounts for the overall efficiency of VLPC.
This efficiently formed excited triplet state is responsible
for the peculiar reactivity of the catalytic system for two main
reasons. First, the lifetime of the excited triplet state is signifi-
cantly extended to approximately 1100 ns because the direct
relaxation from an excited triplet state to a ground singlet state
(selection rule) is forbidden. This allows intermolecular redox
reactions to take place. Second, this species can act as either a
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Scheme 1 Orbital energy level diagram for the activation of
RuII(bpy)3
2+.
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single-electron reductant or oxidant via a single-electron trans-
fer (SET) mechanism because of the vacancy at the dt2g orbital
and the presence of a high energy electron at the bipyridyl π*
orbital, respectively.1
The amphoteric redox reactivity of the excited triplet state
of RuII(bpy)3
2+ (*RuII(bpy)3
2+) enables two distinct catalytic
redox cycles, namely, the reductive quenching cycle (RQC) and
the oxidative quenching cycle (OQC) (Scheme 3). In RQC,
*RuII(bpy)3
2+ first oxidizes a reductant into a radical cation
species, and reduces itself into RuI(bpy)3
+, which subsequently
reduces an oxidant into a radical anion species, and converts
itself into the ground state catalyst. OQC starts with the oxi-
dation of the complex *RuII(bpy)3
2+ to RuIII(bpy)3
3+ followed by
its reduction to RuII(bpy)3
2+.1 Here arises the question of how
to determine if the reaction mechanism follows an OQC or a
RQC path.
Besides participating into a redox reaction, the
*RuII(bpy)3
2+ species can relax back to the ground state
through either a non-emissive process, or, an emissive process
after approximately 1100 ns. The latter produces characteristic
phosphorescence at 615 nm, which can be used to elucidate
the nature of the catalytic cycle through a Stern–Volmer
study.11
The Stern–Volmer equation (eqn (1)) describes the linear
relationship between the relative phosphorescence intensity
I0/I and the concentration of the quenching species [Q].
1
I0=I ¼ 1þ kqτ0½Q ð1Þ
In eqn (1), I0 is the phosphorescence intensity in the
absence of any quenching agent, I is the phosphorescence
intensity at a concentration [Q] of quenching agent, kq is the
attenuation constant, and τ0 is the lifetime of the excited
state.1 In practice, the change of relative intensity in the phos-
phorescence along with that of the oxidant indicates whether a
reaction follows a possible OQC path. In a RQC-driven reac-
tion, the change of phosphorescence intensity may only be
related to the concentration of reductant.
The non-radiative relaxation process, also known as energy
transfer (ET) between photo-sensitive molecules, may also
quench the phosphorescence at 615 nm; hence the absence of
phosphorescence at 615 nm is not sufficient to distinguish
SET from ET.12 However, the secondarily excited molecules
formed through ET usually produce patterns of phosphore-
scence different from that of *RuII(bpy)3
2+, which can help to
further elucidate reaction pathway.
RuII- and IrIII-based catalysts are the most frequently used
metal catalysts because of their identical d6 electronic struc-
ture. Although belonging to the same family of RuII,
FeII(bpy)3
2+ has a LUMO centered at the deg orbitals, thus
lacking the MLCT required for photoredox catalysis. In
addition, its labile coordination structure fosters deactivation
during catalysis.13 OsII has more similarities to RuII but its
short-lived excited state (about one order of magnitude
shorter) and toxicity dim its synthetic usefulness.14 RhIII com-
plexes analogous to IrIII(ppy)2(dtbbpy)
+ lack an efficient MLCT,
thus they are not considered to be good catalysts.15
Despite having an electronic configuration different from
RuII and IrIII, the redox reactivity of the excited triplet state of
CuI complexes (d10) have also been demonstrated in reactions
that follow an OQC pathway.1,16
In addition to transition metal-based catalysts, several
organic dyes that are well known sensitizers in photo-oxygen-
ation reactions have been reported to be effective photoredox
catalysts.17
Selected applications in organic
synthesis
Although many VLPC applications in organic synthesis have
been covered in the seminal review of MacMillan,1 the fast
pace of VLPC research has uncovered new methodologies in
radical additions to alkenes,18 alkynes,19 isonitriles,20 carbon
monoxide,21 and other π systems,22 functional group inter-
conversions,23 difluoroalkylations,24 trifluoromethylations,25
halide reductions,26 oxidative couplings,27 radical [2 + 2],28
Scheme 2 Simplified Jablonski diagram for a typical photocatalyst like
RuII(bpy)3
2+.
Scheme 3 Oxidative vs. reductive quenching cycles.
Review Organic & Biomolecular Chemistry
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[3 + 2]29 and [4 + 2]30 cycloadditions, retro-cycloadditions,31
activation of reagents via two consecutive SET processes,32 C–C
bond cleavage,33 other radical couplings34 and cleavages.35
Decarboxylative couplings
Generating radicals via decarboxylation of carboxylic acid
derivatives is a particularly attractive methodology due to the
general availability of carboxylic acids in nature.36 However,
the efficient generation of an alkyl radical from a carboxylic
acid is not easy. One representative case is the Minisci reac-
tion, in which an alkyl radical generated from the decarboxyla-
tion of a carboxylic acid adds to an azine. However, its harsh
oxidative reaction conditions cannot tolerate labile functional
groups. In addition, the only available acceptor of alkyl rad-
icals in this transformation is limited to azine itself.37
In 2014, MacMillan reported the first Ir-catalyzed photo-
redox decarboxylative coupling of α-amino acids 1 and benzo-
nitriles 2, which renders a photoredox version of the Minisci
reaction under benign conditions (Scheme 4). This transform-
ation began with a single-electron reduction of benzonitrile 2
by an excited IrIII catalyst, which then generated radical anion
4 and an IrIV complex. The IrIII catalyst was regenerated from
the oxidation of an α-amino acid, which after extrusion of
carbon dioxide led to the formation of a nucleophilic α-amino
alkyl radical 5. The recombination of radicals 5 and 4, and
subsequent cyanide elimination led to the secondary benzyl
amine 3. Not surprisingly, the stereo configuration of the
α-carbon of the original chiral amino acid was lost due to the
rapid radical inversion.36 Soon after, the same group extended
the scope of coupling partners incorporating electron-deficient
alkenes 7 and vinyl sulfones 10, hence achieving the de-
carboxylative alkylation and vinylation of carboxylic acids
(Scheme 5).38 Tungue reported that allylic acetates, in the pres-
ence of a Pd0 catalyst and a photoredox catalyst, gave rise to
the decarboxylation product 14 (Scheme 5). In this manner, it
became possible to perform the decarboxylative allylation of
carboxylic acid 12.39
Paquin and Sammis also employed a similar strategy in the
Ru-catalyzed decarboxylative fluorination of α-aryloxyacetic
acid 15. In this case, the *RuII species was first oxidized by
Selectfluor into RuIII, which induced the oxidative decarboxyla-
tion and fluorination steps (Scheme 5).40 Sammis reported a
similar transition metal-free photo decarboxylative fluorina-
tion of the same class of substrates; however, the reaction
required a higher energy UV light source.41 Later, MacMillan’s
group successfully expanded the range of carboxylic acids 17
in the decarboxylative fluorination reaction by employing
a heteroleptic iridium photocatalyst (Scheme 5). Primary,
secondary, and tertiary radicals can be generated from the
carboxylic acid precursor, and transformed into the corres-
ponding fluorides in high efficiency (Scheme 5).42
Radical C–H functionalization of aromatic compounds
Interesting examples of VLPC radical additions to arenes have
been reported; a case in point is the direct trifluoromethylation
of arenes reported in 2011 by MacMillan and Nagib.43
In 2014, Sanford and coworkers reported the photoredox
catalytic amination of several arenes using N-acyloylphthal-
imides as N-radical precursor alternatives to N-bromophthal-
imides.44 The latter were traditionally used in the UV-promoted
amination of arenes, but the competitive bromination reactionScheme 4 Decarboxylative arylation of amino acids.
Scheme 5 Photoredox-catalytic decarboxylative couplings.
Organic & Biomolecular Chemistry Review
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that took place under the reaction conditions rendered them
problematic (Scheme 6).45
This reaction supposedly starts with a single-electron
reduction of an N-acyloylphthalimide by *IrIII(ppy), the sub-
sequent fragmentation generates an electrophilic phtalimidoil
radical 23, which then adds to arene 19 to form a cyclohexadie-
nyl radical 24. IrIV(ppy)+ oxidizes 24 into a cyclohexadienyl
cation 25, which, upon rearomatization, furnishes product 21
(Scheme 6).44
In 2015, Jin and MacMillan developed the direct α-arylation
of ethers and C–H functionalization of heteroarenes using a
similar strategy in which the radicals are formed by the direct
oxidation of ethers (Scheme 7).46
A Merck group led by DiRocco employed a similar photo-
redox approach to perform the late-stage methylation and cyclo-
propanation of bioactive molecules using peroxides. Although
regioselectivity was hardly controlled, this procedure opened a
fast and practical access to various alkylated APIs, which have
appeal in medicinal chemistry (Scheme 7).47
Other recent applications of radical C–H functionalization
of arenes48 and heteroaromatics,49 can be found elsewhere.
Synergistic catalysis involving VLPC
Synergistic catalysis—the coupling of more than one catalytic
cycle in a single transformation—is an interesting concept that
combines the distinct advantages of different catalytic pro-
cesses although compatibility challenges may arise.50
Combination of photoredox catalysis and organocatalysis
β-Functionalization of carbonyl groups. In contrast to the
vastly available methods for α-functionalization of carbonyl
compounds, the direct β-functionalization of saturated carbo-
nyl compounds has been sparsely reported. One viable
approach entails the quenching of a homoenolate, derived
from cyclopropanol under basic conditions, by an electrophile.
However, this approach is marred by the narrow substrate
scope and the absence of regiocontrol during the ring-opening
step of 2-substituted cyclopropanols.51 The MacMillan’s group
first reported a highly effective direct β-C–H arylation of carbo-
nyl compounds using benzonitrile as aryl donor (Scheme 8),52
using a strategic combination of organocatalysis and photo-
redox catalysis.2a
The proposed mechanism for this transformation follows an
OQC pathway, starting with the formation of a cyclohexadienyl
radical anion 33 via a single-electron reduction of benzonitrile
Scheme 6 Photoredox radical C–H functionalization of arenes.
Scheme 7 Applications of photoredox catalyzed addition of radicals to
arenes. Scheme 8 β-Arylation of aldehydes.
Review Organic & Biomolecular Chemistry
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31 by the excited photoredox catalyst. The subsequent single-
electron oxidation of enamine 35 by an IrIV species yields an
enaminyl radical cation 36, and regenerates the photoredox
catalyst. Notably, an external base deprotonates 36 to provide
an γ-amino allyl radical 37—an equivalent of a β-activated car-
bonyl—that then recombines with radical anion 33 to furnish
a cyclohexadienyl anion 38. Upon elimination of cyanide and
hydrolytically release of the amine catalyst 34, 38 yields β-ary-
lated carbonyl 32.52 β-Substituted aldehydes and cyclohexa-
nones are compatible substrates in this transformation, and
the corresponding products are not readily accessible using
the traditional homoenolate manifold.6 Regarding the special
β-selectivity of this transformation, the authors proposed that
a lesser electrophilic radical coupling partner is responsible
for the β-functionalization, since the activation of the β-posi-
tion would require the enamine intermediate to undergo the
oxidation and deprotonation steps. A more reactive electro-
philic radical, like the trifluoromethyl radical, would have
quenched the enamine directly furnishing the α-functionalized
product.52,53
This methodology was later expanded to include the inter-
molecular β-hydroxyalkylation of cyclohexanones and the β-intra-
and inter-molecular alkylation of aldehydes (Scheme 9).53,54
Functionalization of weak aliphatic C–H bonds. Another
reaction that makes use of the combination of organocatalysis
and VLPC is the functionalization of weak C–H bonds. In this
context, the photoredox catalytic arylation of benzylic ethers 45
in the presence of a mercaptoacetate co-catalyst reported in
2013 by MacMillan’s group is noteworthy (Scheme 10). The
proposed mechanism for this reaction begins with an SET
from the excited photoredox catalyst to benzonitrile, which
produces a cyclohexadienyl radical anion 33 and the oxidized
catalyst. The latter abstracts one electron from mercaptoacetate
co-catalyst 47 to furnish a sulfur radical (48). It is interesting to
note that the direct oxidation of 47 (Ered1/2 = +0.85 V) by the
complex IrIV(ppy)3
+ (EIV/III1/2 = +0.77 V) is a thermodynamically
unfavorable process but adding a base (e.g., K2HPO4) drives
the reaction through a concerted proton-coupled electron
transfer (PCET) pathway, in which the deprotonation and oxi-
dation of thiol 47 can occur simultaneously.55 The radical 48
then abstracts a benzylic hydrogen from ether 45 to furnish
the benzylic radical intermediate 49. The recombination of
radical species 51 and 33 gives rise to the formation of a cyclo-
hexadienyl anion, which furnishes the diarylmethyl derivative
46 after cyanide elimination.55
Later, the same group reported a similar VLPC coupling
reaction of benzyl ether 50 and imine 51 to produce β-amino
ether 52. In contrast to the previously discussed arylation reac-
tion, which follows a provisional OQC pathway, the Stern–
Volmer quenching study in this report shows the linear
relationship between the relative phosphorescence intensity
and the concentration of mercaptoacetate, hence supporting a
RQC pathway for the formation of a sulfur radical. In addition,
the thermodynamically unfavorable reduction of imine (Ered1/2 =
−1.98 V) by *IrIII(ppy)2(dtbbpy)+ (EIV/*III1/2 = −0.96 V) further
excludes the possibility of an OQC pathway (Scheme 11). In
this work, the challenging oxidation of thiol 47 was achieved
by using a more electron-deficient complex IrIII(ppy)2(dtbbpy)
+
(EIII/II1/2 = +0.66 V) in the presence of an acetate, via a PCET
mechanism.56
The authors also evaluated the effect of the reaction vessel
on reaction kinetics. It was observed that an increase in
surface-to-volume ratio of the reaction vessel accelerates the
reaction. The optimum reaction rate was achieved when the
reaction was conducted in an NMR tube. This result indicates
that the effective number of photons absorbed by the reaction
mixture limits the process.56
Recently, the MacMillan group reported a direct arylation of
allylic C–H bond under photocatalytic conditions with a
silylthiol co-catalyst (Scheme 11).57 In these arylation reac-
tions, electron rich bases like amines cannot be used to assistScheme 9 β-Alkylation of ketones and aldehydes.
Scheme 10 Functionalization of benzylic ethers.
Organic & Biomolecular Chemistry Review
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the PCET process because they compete with the thiol co-cata-
lyst in the oxidation reaction. Inorganic bases are better
alternatives.55–57
The combination of organocatalysis and photoredox cataly-
sis has also been used for functional group interconversion,58
polar radical crossover cycloadditions,59 and radical addition
to π systems.60
Anti-Markovnikov hydrofunctionalization of alkenes. Anti-
Markovnikov hydrofunctionalization of alkenes has also
recently become associated with VLPC, particularly due to the
efforts of the Nicewicz’s group, who used organic sensitizers
as photoredox catalysts in place of Ru/Ir complexes. Some
work in this area has already been reviewed.17,61 More recently,
Nicewicz reported the anti-Markovnikov addition of mineral
acids to styrenes (Scheme 12).62
The proposed mechanism for these transformations has
been recently supported by mechanistic studies.63 Oxidation of
styrene 55 by the excited photocatalyst 58 (either excited
singlet or triplet) results in a radical cation 60. The addition of
nuleophile X− leads to the radical intermediate 61, which then
abstracts hydrogen from thiol 62 to furnish product 56.
Softer nucleophiles were also compatible in this reaction,
as demonstrated by the same group in the anti-Markovnikov
hydroamination of olefins (Scheme 13).64
Combination of photoredox catalysis with transition
metal catalysis
Dual catalysis with nickel. Nickel catalyst has demonstrated
its versatility in a variety of transformations.65 Besides being
earth-abundant and cost efficient, undesired β-hydride elimin-
ation is less prone to take place in nickel catalysis compared to
Pd-catalyzed transformations. In other words, a much wider
scope of substrates can be tolerated in nickel-catalyzed trans-
formations. Moreover, its capability for tolerating both odd
and even oxidation numbers allows the incorporation of
radical species generated under photoredox catalysis con-
ditions in nickel-catalyzed coupling reactions.66 In 2014,
Molander, MacMillan and Doyle first demonstrated the prac-
ticability of this concept in back-to-back communications
(Scheme 14).67
In the initially proposed mechanism, the Ni0 species adds
oxidatively to the aryl halide to generate a NiII intermediate 73.
Simultaneously, the photocatalyst generates a radical species
either from the oxidation of alkyl trifluoroborate or the decarb-
oxylation of carboxylic acid. The corresponding radical then
adds to 73, resulting in a NiIII complex that undergoes reduc-
tive elimination to give the product 71 and a NiI species that
can then be reduced by the photocatalyst to restart the catalytic
cycle.67 However, a recent mechanistic investigation by Molan-
der indicated that a more favorable pathway is the radical
addition to the Ni0 species followed by the oxidative addition
of aryl halide to the NiI complex (Scheme 14).68 According to
Molander, this methodology is also complementary to classi-
Scheme 11 Addition of benzyl ethers to imines.
Scheme 12 Anti-Markovnikov addition of mineral acids to olefins.
Scheme 13 Anti-Markovnikov hydroamination of olefins.
Review Organic & Biomolecular Chemistry
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cal coupling reactions involving a two-electron transmetalla-
tion step, because in the photoredox catalyzed process the
reactivity order is sp3 > sp2 > sp, while in the traditional two-
electron transmetallation step, the order of reactivity is sp >
sp2 > sp3.67a In addition, Molander’s group showed that, in the
presence of a chiral bisoxazoline ligand, a product with moder-
ate enantioselectivity was obtained from the coupling reaction
of a sec-benzyl boronate, thus demonstrating its potential for
enantioselective radical coupling reactions.67a,69
In 2014, the MacMillan group expanded the scope of coup-
ling partners to include vinyl halides, thus furnishing de-
carboxylative Heck coupling products (Scheme 15).70 More
recently, Molander demonstrated the feasibility of coupling
a secondary organoboronate and an aryl bromide using
this methodology (Scheme 15).71 Xiao also reported a similar
procedure in the arylation of diorganophosphine oxides
(Scheme 15).72
A highlight report on dual catalysis with nickel appeared at
the time this review was being submitted.73
Dual catalysis with gold. Homogeneous gold catalysis has
gained traction in recent years. The highly Lewis acidic and
π-philic nature of the gold catalyst enabled a wide scope of
selective transformations of alkynes, allenes and alkenes.74
Conversely, processes involving redox transformations of gold
catalysts are not common; the majority of the reported studies
require an extra strong co-oxidant.75 The incorporation of
VLPC in the field of homogeneous gold catalysis provided
access to a broader range of gold catalyzed oxidative transform-
ations, thus extending the substrate scope. In 2013, Glorius
reported a two-component oxyarylation of alkenol 86 by aryl
diazonium salts using a combination of RuII(bpy)3
2+ and a
cationic AuI catalyst. This dual catalytic system allowed the
synthesis of 2-benzyl tetrahydrofuran 87 (Scheme 16).76
The proposed mechanism for this transformation involves
two coupled catalytic cycles. In the photoredox cycle, a diazo-
nium salt is reduced to an aryl radical 91 after taking an elec-
tron from an excited Ru-catalyst and extruding dinitrogen. In
the gold-catalytic cycle, trans-oxyauration of alkenol 86 pro-
duces an alkylgoldI intermediate 89, which, after two consecu-
tive single-electron oxidations, first by the aryl radical and
then by the oxidized Ru-catalyst, is converted into a cationic
diorganogoldIII intermediate 92. Intermediate 92 releases
the product and regenerates the catalyst upon reductive
elimination.1
Scheme 14 Combination of VLPC with nickel catalysis.
Scheme 15 Applications of the combination of VLPC with nickel
catalysis. Scheme 16 Combination of VLPC with gold catalysis.
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In a subsequent report, the Glorius group used a diaryliodo-
nium salt as aryl donor in a three-component oxyarylation
reaction with an alkene and an alcohol in the presence of an
Ir-sensitizer and a gold catalyst (Scheme 17).77
Toste reported the synthesis of cyclopentanone 95 via a
semi-pinacol rearrangement/oxidative arylation cascade trans-
formation of 1-alkenyl cyclobutanol 93 and aryldiazonium salt
94 under similar reaction conditions. However, contrary to the
Glorius’ proposed mechanism, Toste’s mechanistic study,
which was based on time-resolved FT-IR spectroscopy, indi-
cated that the addition of aryl radical to the gold catalyst
occurs before the coordination of gold to the olefin
(Scheme 17).78
More recently, Toste reported the arylation of diorganopho-
sphine oxide 99 using a combination of gold catalysis and
photoredox catalysis (Scheme 17).79
It has been reported that binuclear gold complexes can also
perform photoredox catalysis; this strategy has been applied in
radical additions to π systems80 functional group inter-conver-
sions81 and other radical coupling reactions.82
Photoredox catalysis as an oxidation promoter in transition
metal catalysis. Rueping reported Pd/Rh/Ru-catalyzed oxi-
dative cyclization and C–H functionalization reactions under
photoredox conditions using dioxygen as oxidant (Scheme 18).
Heating was necessary for these reactions, presumably
because the rate limiting step was not in the photoredox cata-
lytic cycle.83 Indeed, the photoredox catalysis system presum-
ably only oxidizes intermediates pertaining to the main
catalytic cycle. This method underscores the potentiality of
introducing photoredox catalysis in lieu of other oxidizing
agents, like copper salts, in oxidative C–H functionalization
transformations.84
Other binary VLPC catalytic systems coupled with transition
metal catalysts such as palladium,85 copper,86 and cobalt,87
have either been previously reviewed,1 or recently published85–87
and will not be discussed herein.
Acid-catalyzed enantioselective radical addition to π systems
Enantioselective radical additions to π systems have demon-
strated that it is possible to tame the high reactivity of radicals
in such a way that near total stereocontrol can be achieved.69 A
case in point is the VLPC-mediated enantioselective α-alkyla-
tion.2a More recently, other creative approaches have been
introduced to achieve enantioselective radical addition to pro-
chiral π systems. In 2013, Knowles first reported an intra-
molecular enantioselective aza-pinacol coupling of the
ketohydrazone 108 under photoredox catalytic conditions with
the assistance of another chiral phosphoric acid catalyst and a
Hantzsch’s ester as reducing agent (Scheme 19). The hydrogen
bond between the chiral phosphoric acid and the radical
anion intermediate shortens their spatial distance, and
assures enantioselective addition of the radical anion to the
imine.88
Meggers group reported the enantioselective α-alkylation of
ketones using the Ir-complex 121, which serves both as photo-
redox catalyst and chiral Lewis acid in this transformation.89
This approach was employed in the oxidative coupling
between carbonyl compound 118 and the activated organic
bromide 119 (Scheme 20).90
The Yoon group developed an enantioselective Lewis acid-
assisted photocatalytic radical [2 + 2] cycloaddition in 2014. In
the absence of a Lewis acid catalyst, the reaction was comple-
tely shut down. The authors proposed that the Lewis acid cata-
lyst enhanced the electron-deficiency of enones, hence
allowing a SET from the excited photocatalyst to 122 to take
place. This radical underwent a [2 + 2] radical cyclization with
enone 123 to furnish either the enantioenriched product 124
or 127. It is interesting to note that a simply reduction of
chiral ligand 125 to 126 led to the formation of products with
completely different diastereoselectivities.5b
In addition, the Yoon group recently reported the enantio-
selective conjugate addition of an α-amino radical to an α,β-un-
saturated carbonyl substrate 128 using Sc(OTf)3 and the chiral
ligand 131 under photoredox catalysis conditions (Scheme 20).91
The combination of VLPC and acid catalysis has also been
used for functional group interconversions.92
Scheme 17 Applications of the combination of VLPC with gold
catalysis.
Scheme 18 Photoredox catalysis in oxidative couplings.
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Conclusions
VLPC has added new transformations to the synthetic toolbox,
improving known reaction processes to the point of eliminat-
ing the use of stoichiometric amounts of reductants or oxi-
dants. Other advantages include the fact that, for the most
part, the reaction conditions do not demand additional
heating or cooling; instead, energy is harvested from photons
from within the visible spectra. Most published works use
simple light sources such as fluorescent lamps or LED’s,
though the potential to use solar light is evident. As opposed
to UV photochemistry, visible light does not excite the majority
of functional groups. This allows for the selective irradiation
of the photocatalyst, hence preventing undesired decompo-
sition of substrates or side reactions.
One issue that is not often discussed is the light pene-
tration power in these reactions. Although the quantum yield
of excited triplet is high, the presence of other light-absorbing
or – scattering factors, including solvents, substrates, and
solid reagents, may reduce the actual photon-harvesting
efficiency of photocatalysts. Moreover, with the thickening of
the reaction medium, light intensity at the center of the
reactor will be reduced according to Beer’s law, which may
limit the reaction to those areas close to the light source.
Thus, the size and shape of the reactor, the intensity and wave-
length of the light source, and the color or turbidity of the
reaction medium have to be considered during trouble-shoot-
ing and scaling-up. Continuous flow reactor has been found to
be an ideal solution to this problem.93
With regards to the choice of ligands, visible light photo-
redox chemistry using transition metal catalysts has shown its
dependence on polyaromatic ligands, such as bipyridyls and
phenanthrolines, which are known to be DNA intercalating
agents. Newly developed organic photoredox catalysts may be
less toxic alternatives, although knowledge about their biologi-
Scheme 19 Cooperation of VLPC and Brønsted acid catalysis.
Scheme 20 Cooperation of VLPC and Leis acid catalysis.
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cal activity remains limited. Organic sensitizers may not be
cost-effective compared to well-studied metallic catalysts
whose ligands are easily tunable. The reactivity of catalysts and
functional groups towards redox processes can be estimated
based on electrochemical data, although the irreversibility of
some radical reactions makes it hard to determine some redox
potentials. The complexes used in VLPC do usually exhibit
good stability, which allows for a low loading of catalyst (in
general less than 5 mol%). However, in some catalytic reac-
tions (particularly redox neutral), the presence of paramag-
netic impurities, like dioxygen and iron rusts, could impair the
catalysis process.
Notwithstanding the above shortcomings, VLPC has already
shown its prowess in the construction of complex molecules,
in total synthesis or in late stage functionalization of biologi-
cally active molecules.
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